We review the status of recently observed positive parity charmed resonances, both in the non-strange and in the strange sector. We describe the experimental findings, the main theoretical analyses and the open problems deserving further investigations.
Introduction
This is an exciting period for hadron spectroscopy, due to the discovery of several new particles with unexpected and intreaguing features. It is fair to mention first the increasing evidence of pentaquark states [1] , the observation of which requires a deeper understanding of QCD interactions at low energy. Furthermore, both thebb andcc spectra were enriched by the observation of a meson belonging to the d-wave multiplet of the Υ system, and of X(3870) and the first radial excitation of η c in the charmonium [2] . A new doubly charmed Ξ + cc baryon was detected [3] . Last, but not least, excited charmed mesons have been observed both in the strange and non-strange sector, providing new information about the spectroscopy of the open charm system. In this paper we describe the experimental results concerning such new charmed resonances, as well as a number of theoretical analyses aimed at understanding their phenomenology.
As we shall see, there are various and different interpretations of these charmed resonances, and in the following we discuss them in detail. However, it is important at the beginning to settle the scene, and we consider the heavy quark theory as the most suitable theoretical framework to start our study [4] .
The analysis of hadrons containing a single heavy quark Q = c, b is greatly simplified if one considers the limit of infinitely heavy quark. This is due to the fact that such a quark acts as a static colour source, and its spin s Q is decoupled from the total angular momentum s ℓ of all other hadronic (light) degrees of freedom.
There are several consequences of that. One is that it is possible to classify heavy hadrons using s ℓ as a good quantum number. Therefore, heavy mesons can be collected in doublets, each one corresponding to a particular value of s ℓ and parity, with the members of each doublet degenerate in mass. The degeneracy condition is broken if 1/m Q corrections are taken into account. In this case, the mass formula for a heavy meson:
involves the binding energy parameterΛ and two parameters µ in the effective Lagrangian of the heavy quark effective theory [4] . µ 2 G depends on the spin J of the hadron and is therefore responsible of the mass splitting between the two members of a doublet, which is a 1/m Q effect. It can be written as: µ however, in the following we neglect the mixing since, as we argue below, it can be at most of few degrees in the case of charm.
A distinctive feature between the two ℓ = 1 doublets is their expected width. In fact, the strong decays of the members of the s + cū, cd and cs states have been observed with precision at the level of few MeV for the mass and the width, thanks, in particular, to their narrowness and to their abundant production in various experimental setup, at fixed target, in e + e − continuum production, in B and Z 0 decays [5] .
The case is different for the members of the doublet s
+ , which are the subject of this review paper. There have been recent experimental observations of particles that can be recognized as members of this doublet in the case of charm. However, for nonstrange particles not all the charge configurations have been observed, so far, and there is some disagreement in the mass measurements made by different experiments. As for cs mesons, evidence has been recently collected of very narrow states, in contradiction with the expectation of particles having broad width, a feature which has prompted an intense activity to clarify the issue. Moreover, in case of the assignment of the newly observed states to the low-lying positive parity doublet, the comparison of the features of corresponding non-strange and strange mesons arises some questions, for example concerning the mass difference between strange and non-strange mesons and the spin splitting within each doublet.
In the following we review (in Section 2) the experimental observations for both nonstrange and strange charmed mesons, in particular the measurement of masses and decay branching fractions. Then we discuss various theoretical studies aimed at shedding light on the structure of these mesons. In particular, in Section 3 we consider the analyses of the spectroscopy of the newly observed states, with different approaches and interpretations. In Section 4 we analyse the decays of the new charmed resonances, as they can be useful for understanding their structure. After a discussion concerning the beauty sector, we present our conclusions in the last Section. with free mass, free width and assigned J P = 0 + quantum numbers. As reported by Belle [7] , a fit of the projection of the Dalitz plot to the Dπ axis, where the pion is the one having the smallest momentum, favours the presence of the scalar contribution. The Dπ mass distribution is depicted in fig.1 ; the mass and width of the broad state obtained by the fit are collected in Table 1 .
A similar analysis, carried out for D * + π − π − , provides evidence of a broad resonance with quantum numbers compatible with the assignment J P = 1 + . The Belle D * π mass distribution is also depicted in fig. 1 . The contributions of the two other charmed states D 1 and D * 2 are not sufficient to fit the mass distribution; a further contribution, representing a broad state, is needed, the mass and width of which are reported in Table 1 suggesting that such a mixing can safely be neglected.
An analogous study has been carried out by Focus Collaboration [8] 
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as observed by BaBar [9] . Right: The resonance was also observed by Belle [10] and Cleo Collaborations [11] (fig. 2) , with mass reported in Table 2 . Even in these cases, the measured width was compatible with the experimental resolution, thus suggesting a smaller intrinsic width of the reso- D sJ (2460) was also observed by Belle and BaBar, both in the charm continuum [10, 14] , both in B decays [15, 16] , with mass and width reported in Table 2 . In fig. 4 we depict the Belle signal of the radiative decay
transitions. The measured mass in these two experiments turns out to be smaller than in Cleo measurement, even though the results are marginally compatible: the average of all the determinations is reported in Table 2 .
The experimental observations are consistent with the quantum number assignment 
BaBar [9, 14] Belle [15] Cleo [11] The mass difference between D sJ (2460) and the other newly observed states and the low-lying charmed mesons is reported in Table 3 . It is interesting to compare the hyperfine splitting between positive and negative parity states. Considering the PDG values [5] : when the Belle result for the 0 + , 1 + masses are considered, while they disagree when the average values of the various measurements are considered. Table 3 : Hyperfine splittings between positive parity mesons, and mass differences between excited and low-lying cq and cs states. Belle data in Table 1 are used for the masses of the broad states. In parentheses we also quote the results corresponding to the averages in Table 1 .
The measured branching fractions of two-body B decays to D * sJ (2317) or D sJ (2460) are collected in Table 4 . This is an important measurement since, as we discuss in Section 4, hints on the nature of the resonances can be provided considering ratios of radiative to hadronic decay rates, either directly measured or inferred from data in Table 4. 3 Analyses: can the masses of (0
) cs (cq) mesons be reliably computed?
Quark models
Quark model estimates of the masses of p-wave cs (cq) states were of course available before April 2003, see Table 5 (A). Since mixing between the two 1 + states has been in general accounted, the two axial-vector states are reported in Table 5 (A) as the lightest and the heaviest of the mass eigenstates.
Considering Table 5 (A) one realizes that the mass of the scalar cs was always predicted above the DK threshold of 2.36 GeV; therefore such state was expected to be massive enough to decay through isospin conserving modes, with a broad width. For the axial vector state, a few determinations also predicted mass values close to the D * K threshold
GeV, with the possibility of having a narrower state [23] . Moreover, the 
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−0.23 (< 0.98) - non-strange mesons were always predicted to be lighter than the strange one, with typical mass splitting of 70 − 100 MeV in case of 0 + mesons.
The discrepancy essentially between the observed mass and width of D * sJ (2317) and the expectation has prompted a number of analyses aimed either at refining the results to corroborate the cs interpretation, or at providing interpretations in different frameworks.
Results of new mass determinations (or elaborations of previous analyses) are presented in Table 5 [27] . In general, adjustments of input parameters produce a posteriori results in better agreement with observation. An exception is a model where, using Coulomb+linear potential and considering lowest order relativistic corrections, the two newly observed cs states do not fit with the theoretical results, thus suggesting a different interpretation [28] .
However, even in cases where updated results more favourably can be compared to data, it is unclear why previous determinations resulted to be incorrect, and what is the new physics information that must be encoded in models to reproduce the experimental measurements.
3.2 Masses of (0 + , 1 + ) cs (cq) mesons: non perturbative methods at work
Since quark models suffer of not having a direct relation with the QCD structure of strong interactions, one could look at more fundamental approaches, namely lattice QCD and QCD sum rules.
Lattice results for the heavy meson spectrum are quoted in [29] . Particularly interesting are the determinations of the mass difference between the doublets s − , obtained in the static limit, either in quenched approximation [30] or for n f = 2 [31] .
In quenched approximation, finite charm quark mass effects were also estimated, either using NRQCD (to order 1/m 2 [32] and 1/m 3 [33] ) or relativistic charm quarks [34] , see Table 6 . Relativistic effects increase the mass splitting with respect to the static case. If the effect persists in unquenched determinations, one would obtain a mass splitting between positive and negative parity doublets ∆M ≃ 600 MeV, giving M D * s0 = 2.57 ± 0.11
GeV. On this basis, it has been argued that lattice predictions are inconsistent with the simpleinterpretation for D * sJ (2317) [29] . In a different analysis, the continuum limit in quenched QCD is considered [35] , and the mass splittings 1 + − 1 − and 0
− M Ds = 435 ± 57 MeV using different input parameters), compatible with the experimental values. Now the conclusion is that there is no discrepancy between lattice predictions and experiment, and no need to invoke other interpretations for D * sJ (2317) and D sJ (2460). The absence of definite consensus about D * sJ (2317) can be interpreted as a difficulty in reliably controlling the uncertainties in mass determinations by lattice QCD, at the level requested by the available spectroscopy, and an improvement in the systematics seems to be necessary to eventually reconcile the different conclusions.
As for QCD sum rules, the binding energies in eq. (1) were estimated:Λ = 0.5 ± 0.1 GeV [36] andΛ + = 1.0 ± 0.1 GeV [37] for negative and positive parity low-lying doublets,
terms, one obtains:
− M Ds = 500 ± 140 MeV (versus the experimental data in Table 3 
The chiral partners
It was suggested that a consistent implementation of chiral symmetry breaking requires chiral partners of pseudoscalar and vector states [39] , an idea reconsidered in refs. [40, 41] .
Heavy-light systems should appear as parity-doubled, i.e. in pairs differing for parity and transforming according to a linear representation of chiral symmetry. In particular, the doublet composed by the states having J P = (0 + , 1 + ) can be considered as the chiral partner of that with
It is possible to build an effective lagrangian for those two doublets and their interactions with light pseudoscalar mesons, based on both heavy quark and chiral symmetries. A consequence is that the coupling g π governing the (0
being a generic light pseudoscalar meson, obeys a Goldberger-Treiman relation: Table 3 are only marginally compatible with it.
It is worth mentioning that, since chiral partners are split by dynamically generated quark mass, they could give information on the chiral symmetry property of the medium in which they are observed. In particular, the mass splitting between chiral partners is expected to vanish in hot matter when the chiral phase transition is approached [41] . A test of this picture relies on computing the decay rates of D * sJ (2317) and D sJ (2460), as discussed in Section 4. On the other hand, csqq with I = 1, predicted with nearby mass, would be broad [45] . In a molecular interpretation, D * sJ (2317) could be viewed as a DK molecule, an interpretation supported by the mass very close to the DK threshold [46, 47, 48] . Although the preferred assignment for a DK molecule would be I = 0, it is also possible that a mixing occurs with a I = 1, I z = 0 molecule, analogously to what is supposed for f 0 (980) and a 0 (980). However, the existence of such a state would imply isospin partners in the D + s π ± invariant mass distributions: CDF Collaboration has looked for such states without finding any evidence [13] . The corresponding interpretation for D sJ (2460), would be a D * K molecule.
Unitarized chiral models
The mechanism for producing a molecular state could be a strong flavour-singlet attraction between a pion and a cs meson, leading to the capture of the pion by the latter [49] . It is interesting to mention that a measurement of the meson elastic form factor could, at least in principle, allow to distinguish a two-quark state from a four-quark state, due to the different asymptotic behavior in the space-like momentum transfer dictated by QCD counting rules, namely 1/Q 2 forversus 1/Q 6 in the four-quark picture. However, the practical feasibility of such a measurement is difficult to assess. It has also been considered the possibility that a mixing occurs between a cs state and a four-quark state, resulting in two mesons, one of which has mass below the DK threshold [50] . For the masses before the mixing, it is assumed a value above the DK threshold for the four-quark state, and of 2. Finally, the possibility that the D * sJ (2317) is an exotic particle has been discussed. Strong decays of a non exoticqq state are suppressed due to the necessity of creating a secondqq pair, while an exotic state simply falls apart into its constituent non-exotic hadrons without any suppression, hence they should be broad. If D * sJ (2317) and D sJ (2460) were exotic states, they would be a special case of narrow exotics. A suggestion [51] considers D * sJ (2317) a superposition of three components:
giving different contributions when probed at different length scales. At short scales, the pure cs component would dominate, while at an intermediate and large scales the second component and the DK bound state would prevail. To conclude the Section, one can remark that a common feature of descriptions based on a multiquark content of the new resonances is the requirement of additional states in the spectrum, with their own decays and typical widths. The study of the decay modes is an important tool to discriminate among different descriptions, as we discuss below. 
involves the fields H and S representing 
where v is the meson four-velocity and a is a light quark flavour index. Light meson fields are included in Lagrangian (4) through
) and
with f ≃ f π . The relevant coupling in the strong decays of s
+ resonances is h.
QCD sum rule analyses, based on both the light-cone expansion, both on the shortdistance expansion in the soft pion limit, allowed to estimate this coupling: h ≃ −0.6 [53] and the leading heavy quark mass corrections. Using this value, together with the meson masses in Table 1 [40, 55, 56, 25, 57] . The model is based on the decay chain
where the virtual η is mixed to π 0 . In the heavy quark limit the couplings of positive and negative parity states to pions and Kaons are all related to the same coupling h, and therefore the same value used for the analysis of the broad mesons can be used. The resulting amplitude depends on an isospin violating factor, the difference m u −m d between up and down quark masses:
( q is the pion three-momentum in the D * s0 rest frame), which shows why the state is narrow.
0 is similar. The resulting numerical predictions, collected in Table 7 , are compatible with hadronic decay widths of a few (or several) KeV, well below the resolution of the experiments that have observed the mesons. If, instead of using the computed value of the coupling, one uses existing information on other modes, such as
, one predicts again narrow hadronic widths. Measurement of hadronic widths as in Table 7 is not an easy task; however, comparison of radiative and hadronic decays can be used to get further information.
To analyze radiative decays, the electric dipole matrix elements governing the transi-
s γ must be determined, and quark model [40, 55] , VMD [56] and relations with radiative decays of other mesons have been used. In particular, if Dominance of the Vector φ Meson is assumed as in [56] , one can use the strong coupling g D * s0 D * s φ derived through a low energy lagrangian formalism with the heavy fields coupled to light vector mesons [58] . The results collected in Table 7 present the common feature of predicting a suppressed radiative mode of the scalar state with respect to the hadronic mode. Such a suppression is observed experimentally; however, since the radiative mode is not forbidden, observation at the tipical level predicted in Table 7 is expected, otherwise different interpretations have to be invoked. For the axial-vector state D sJ (2460), the branching fraction of the radiative decay into D s γ has been measured by Belle Collaboration. It is interesting to compare the results based oninterpretation with those coming from the view-point of considering D * sJ (2317) as a four-quark state [59] . A scalar four-quark state might be lighter than a scalarstate with ℓ = 1 because of the absence of the orbital angular momentum barrier. Multiplets of the kind cq 1 q 2q3 with q = u, d, s can be built and the isosinglet D * s0 can be identified with D * sJ (2317).
mixing, invoking η − η ′ mixing, and using for the D * s0 D s η coupling either the vertex kKπ and SU(4) symmetry, or QCD sum rules [53] , a prediction of a larger hadronic width than in the standard interpretation is obtained. Experimental information concerning ratios of radiative to hadronic decay rates can be obtained indirectly, using the branching fractions of B decays. Although such an estimate is admittedly uncertain, due to the correlations between various measurements of B decay rates into positive parity charmed mesons, nevertheless it can help to get hints on the role of radiative modes of D * s0 , D ′ s1 versus the hadronic ones. In Table 8 we have estimated ratios of branching fractions using B decay data collected in Table 4 , neglecting any correlation among experimental measurements. The overall comparison of measurements with predictions seems to support the description of the charmed resonances as ordinarymesons.
The case of beauty
In the simplepicture, predictions for the mass of the 0 + , 1 + bs, bq states can be obtained using data in the charm sector together with eq.(1). They are collected in Table 9 . The main feature of such estimates is that the bs mesons are predicted below the BK and B * K thresholds (with the exception of [29] ); consequently, narrow resonances in B s π 0 and B * s π 0 mass distributions are expected to be observed at the hadron colliders. Table 4 and from [15] . The other ones result from Belle [10] and Cleo [11] continuum analyses. Few predictions are also reported. 
Conclusions
We have briefly reviewed the experimental status of recently observed positive parity charmed states, as well as several theoretical analyses devoted to determine their masses and decay rates and to interpret the measurements. In particular, in the case of charmedstrange states, we have described various interpretations proposed for their structure.
At present, we believe that there is no compelling evidence that a non-standard scenario, different from simple qq, is required to explain the nature of D * sJ (2317) and D sJ (2460), a conclusion mainly based on the analysis of the decay modes.
Nevertheless, unanswered questions remain, namely about the near equality of the masses of strange and non-strange states, as well as the difference between the mass splittings between excited and low-lying cq and cs states which is not theoretically re-produced, as shown by a calculation of chiral corrections to the meson masses [63] . The missing evidence of the radiative mode D * sJ (2317) → D * s γ is another puzzling aspect deserving further experimental investigations.
To gain further information on these states, one could at look at two-body B decays into D * sJ (2317) or D sJ (2460) [64] - [69] . 
are equal to one in the heavy quark and SU(3) limit, but deviate from that in composite models for the two D sJ . Finally, looking at decays of higher charmonium states, e.g. 
